Background--With chronic ischemia after myocardial infarction, the resulting scar tissue result in electrical and structural remodeling vulnerable to an arrhythmogenic substrate. The cholinergic anti-inflammatory pathway elicited by vagal nerve via a7 nicotinic acetylcholine receptors (a7-nAChR) can modulate local and systemic inflammatory responses. Here, we aimed to clarify a novel mechanism for the antiarrhythmogenic properties of vagal nerve during the ischemic cardiomyopathy (ICM).
V entricular tachyarrhythmia is a common complication among patients surviving myocardial infarction (MI) 1 and is the major cause of death in the United States, contributing 15% to 20% of deaths worldwide. 2 The scar tissue generation and long-term existing cytokine result in structural and electrical remodeling during ischemic cardiomyopathy (ICM) and causing an arrhythmogenic substrate eventually. In particular, the intercellular electrical uncoupling of ventricular cardiomyocytes also represents a major role in arrhythmogenesis during chronic ischemic heart disease. 3 The gap-junctional protein connexin 43 (Cx43) coordinates with cardiomyocyte activation and allows intercellular communication, 4 whereas its downregulation and nonuniformity increases the risk of ventricular arrhythmia directly. 5 Inhibiting interleukin-1b (IL-1b) following MI increases the expression of Cx43, thereby representing a novel antiarrhythmic property. 6 Polymorphonuclear neutrophils accumulate in ischemic myocardium, releasing myeloperoxidase, promoting inflammation, increasing myocardial collagen, and remodeling myocardium ultimately. Consequently, the degradation of the Cx43 exhibits ventricular arrhythmogenesis. 7 Moreover, the nerve regeneration that increases the sympathetic nerve density and increases nerve sprouting abnormally after MI has a correlation with the occurrence of ventricular arrhythmia and sudden cardiac death. 8 Activating the efferent vagal nerve fibers can modulate local and systemic inflammatory responses via the cholinergic anti-inflammatory pathway (CAP). 9 Eliciting the CAP by vagal electrical stimulation has been reported to have a protective role against fatal ventricular arrhythmia in myocardial ischemia/reperfusion animal models, 10, 11 and vagal electrical stimulation also improves chronic heart failure in rats by increasing survival rate in long-term myocardial infarction. 12 It is well established that the beneficial effects of the CAP are mediated by acetylcholine receptors. 13, 14 In addition, the a7-nicotinic acetylcholine receptor (a7-nAChR) subunit, which plays a crucial role in CAP, is expressed widely on the surface of inflammatory cells, and it significantly influences the antiinflammatory effect of the vagus nerve. 15 In this study, we hypothesized and examined potential cardioprotective effects of CAP during ICM and a potential novel therapeutic effect that could modify cardiac autonomic neural remodeling and exert an antiarrhythmic effect. Therefore, we wanted to address (1) the antifibrosis and anti-inflammatory effects of CAP in ICM rat models; (2) the results of using nicotine administration to stimulate CAP and improve cardiac autonomic nerve function and heart function; (3) the anti-arrhythmic effect of CAP; and (4) the underlying mechanisms behind CAP.
Methods Animal Preparation
All animal experiments were performed according to the regulations of, and approved by, the Animal Ethics Committee of Wenzhou Medical University (number wydw2014-0058) and conformed to the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health. Male SpragueDawley rats (SPF class, 220-250 g, 6 to 8 weeks old) were purchased from Shanghai Laboratory Animal Center of China and were maintained in the Wenzhou Medical University animal facilities under specific pathogen-free conditions (24AE1°C, 45AE10% humidity) with a 12-hour light/dark cycle daily with food and water available ad libitum.
Myocardial Infarction
After induction of anesthesia (urethane, 1.5 g/kg intraperitoneally), the rat was ventilated artificially by rodent respirator (Inspira, Harvard Apparatus, Holliston, MA) in volume-controlled mode at 80 strokes per minute. After a left parasternotomy, the heart and pericardium were exposed fully. The left anterior descending coronary artery was ligated around 2 mm from its origin (near the main pulmonary artery) using a 6-0 Prolene suture. Four weeks after the surgery, left ventricular ejection fraction (LVEF) of all surviving rats was measured by echocardiography. Rats with LVEF <50% and/or development of a large akinetic aneurysm with some hypokinesis at nonischemic sites within the left ventricle (LV) were selected ( Figure 1) . Vagotomy of the afferent nerve was performed 4 weeks after left anterior descending coronary artery ligation. 16 In vagotomized animals, after a ventral cervical midline incision, right-side vagus trunks were exposed, ligated with a 4-0 silk suture, and divided. All rats were assigned to 6 groups receiving the following treatments: sham-operated rats (Control, n=8), sham-operated rats treated with unilateral (right-sided) cervical vagotomy (Vag, n=8), ischemic cardiomyopathy rats (ICM, n=8), ischemic cardiomyopathy rats with vagotomy (ICM+Vag, n=8), ischemic cardiomyopathy rats with nicotine administration (ICM+Nic, n=8), and ischemic cardiomyopathy rats with vagotomy and nicotine administration (ICM+N+V, n=8). Rats received intraperitoneal injection of nicotine (0.4 mg/kg in saline) the day after vagotomy. 17 
Doppler Echocardiography Study
Transthoracic echocardiography was performed at 4 and 8 weeks (4 weeks of nicotine administration) after ligation with M-mode transducer (12-MHz phased-array transducer; Sonos 5500, Philips USA, Bothell, WA). 18 At the papillary muscle level, short-axis views of M-mode tracings were recorded through the anterior and posterior LV walls to measure LV end-diastolic dimension (LVEDd), LV end-systolic dimension (LVESd), and fraction shortening (FS). LVEF was obtained using the Simpson approach. All measurements were performed by an experienced technician who was blinded to study groups.
Clinical Perspective
What Is New?
• We found that regional anti-inflammatory and antifibrotic properties, along with improving cardiac autonomic function, are responsible for the antiarrhythmogenic effects of the cholinergic anti-inflammatory pathway in ischemic cardiomyopathy.
What Are the Clinical Implications?
• Based on our results, preventing the progression of regional inflammation and fibrosis accompanied by decreases in the sympathetic-to-parasympathetic ratio may protect against heart failure and ventricular arrhythmias in patients with ischemic cardiomyopathy.
ECG and Heart Rate Variability Measurements
Rats were anesthetized with pentobarbital sodium (30 mg/kg intraperitoneally). ECG was performed with a computer-based electrical physiology system (PowerLab 8/36; AD Instruments, Colorado Springs, CO), and 2 biopotential leads were anchored subcutaneously over the right pectoral muscle and on the lower left side of the chest wall, respectively. The RR, PR, QRS, and QT durations were recorded using the PowerLab data acquisition system via LabChart 8 software (AD Instruments). The QTc was corrected for heart rate using a modification of the Bazett formula. Heart rate variability (HRV) was calculated from 5-minute segments of ECG data. The HRV parameters were analyzed by the LabChart Pro HRV Analysis Module (AD Instruments). Ectopic beats and artifacts were manually excluded. The standard deviation of the averages of normal-to-normal intervals (SDNN) as well as frequencydomain parameters such as low-frequency (LF) power (0.06 to 0.6 Hz), high-frequency (HF) power (0.6 to 3 Hz), 19 and LF-HF ratio were measured.
Ventricular Programmed Electric Stimulation
A ventral midline incision was performed on the thorax by sternotomy at the end of the ECG and HRV measurements.
Two Teflon-coated silver wire stimulating-electrodes were inserted into thorax and contacted with the cardiac apex. 20 Pacing was performed by means of programmable stimulator (PowerLab 8/36; AD Instruments) and the programmed electric stimulation (PES) protocol used was similar to that described by B elichard et al. 21 To determine the effective refractory period, a premature stimulus was applied after 8 paced beats at a basic cycle length of 100 ms. To induce the ventricular arrhythmias, simulation at a basic cycle (S 1 ) with single (S 2 ), double (S 3 ), or triple (S 4 ) extra stimuli was performed ( Figure 2A ). The PES was stopped when it had induced a ventricular tachyarrhythmia consisting of at least 6 consecutive nondriven ventricular extra stimulus beats. Either no ventricular premature beats or only self-terminating salvos of <6 beats were considered "noninducible." A ventricular tachyarrhythmia was considered nonsustained when it lasted ≤15 beats and sustained when it lasted >15 beats before terminating spontaneously or by overdrive pacing. There was no difference between sustained ventricular tachycardia and ventricular fibrillation.
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An arrhythmia scoring system was used: 0, noninducible preparations; 1, nonsustained tachyarrhythmias induced with 3 extra stimuli; 2, sustained tachyarrhythmias induced with 3 extra stimuli; 3, nonsustained tachyarrhythmias induced with 2 extra stimuli; 4, sustained tachyarrhythmias induced with 2 extra stimuli; 5, nonsustained tachyarrhythmias induced with 1 extrastimulus; 6, sustained tachyarrhythmias induced with 1 extrastimulus; 7, tachyarrhythmias induced during the 20 paced beats at a basic cycle length of 100 ms; and 8, heart stopped before the PES or during the preparation. 23 Cell Culture RAW264.7 cells were purchased from the American Type Culture Collection. All cells were maintained in Dulbecco modified Eagle medium (Thermo Fisher, Waltham, MA); 10% fetal bovine serum (Gibco, Gaithersburg, MD) and penicillin/ streptomycin (1:100; Sigma Chemical Co, St. Louis, MO) were supplied in cell culture. The constant temperature incubator was maintained (37°C) with a 95% humidified atmosphere and 5% CO 2 . Cells pretreated with nicotine (1 lmol/L) for 1 hour were stimulated with lipopolysaccharide (100 ng/mL). 15 Furthermore, to examine the effect of vagotomy, cells were treated with a-bungarotoxin (100 mmol/L, Sigma) 24 for 30 minutes before being subjected to nicotine.
Western Blotting
The protein of each sample was extracted from the border zone (2 mm away from the infarct edge). 25 The tissues were lysed in 1 mL RIPA lysis (ThermoFisher, 89900) with protease inhibitors (Beyotime, Jiangsu, China, ST506-2) and phosphatase inhibitors (Applygen Technologies, Beijing, China, P1260) for 30 minutes under rotating agitation, and the protein concentration was determined with a BCA protein assay kit (ThermoFisher, 23235). Then 20 lg protein was taken and mixed with one fifth volume of 59 loading buffer. The mixture was denatured by boiling at 100°C for 5 minutes. Then each sample was separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membrane was blocked in 5% nonfat dry milk. After being incubated with specific antibody (overnight, 4°C) and secondary antibody, the membrane was detected with the enhanced chemiluminescence detection system (Millipore, Billerica, MA). The antibodies against phospho-Akt (Ser473), phospho-IjBa (Ser32), NF-jB p65, phospho-NF-jB p65 (Ser536), and Cx43 were purchased from Cell Signaling Technology (Danvers, MA). The antibodies against phosphoIKKa/b (Ser180/181), b-actin, and GAPDH were purchased from Bioworld Technology (Nanjing, China). The antibodies against IL-1b and IL-6 were purchased from R&D System Technology (Minneapolis, MN). The antibodies against interferon (IFN)-c, tumor necrosis factor (TNF)-a, transforming growth factor-b, collagen I, and collagen III were purchased from Abcam (Shanghai, China).
Fibrosis Size Measurement
LV middle ring (the middle 1/3 of the left ventricle) was embedded in paraffin. Then samples were sectioned into 5-lm-thick slices and applied Mallory trichrome staining. The fibrosis size was expressed as the mean percentage of the total border zone.
Immunocytochemistry
Samples were embedded in paraffin and sectioned at a thickness of 4 lm. After being deparaffinized, sections were boiled in citrate buffer in a microwave oven for 5 minutes to enhance specific immunostaining. Then sections were incubated overnight with anti-Cx43 (1:100, CST) antibody and incubated for 2 hours in FITC-conjugated goat anti-rabbit IgG (1:200, Bioworld, Nanjing, China). Fluorescence of FITC was observed with a fluorescence microscope system (DP72, Olympus, Waltham, MA).
The NF-jB p65 nuclei translocation was assessed by fluorescence microscope system (DP72, Olympus). RAW264.7 Figure 3 , LVEDd, LVESd, LVEF, and FS were similar between the Figure 5 . 
Effect of CAP on Cardiac Autonomic Nerve Function
The time domain and frequency domain of HRV were performed to assess cardiac autonomic function (Figures 4 and 5 
Effect of CAP on PES-Induced Ventricular Tachyarrhythmia
ECG parameters were shown in Table ( As shown in Figure 2B , rats with vagotomy only did not have ventricular arrhythmias induced by PES. Considering the severity of the arrhythmia induced by calculating the inducibility quotient, nicotine-treated rats had a lower quotient than other 2 groups regardless of vagotomy operation (ICM+Nic versus ICM, P<0.05; ICM+N+V versus ICM+Vag, P<0.05).
Effect of CAP on Fibrosis of Border Zone and Cx43 Distribution
The fibrosis was examined by Mallory trichrome staining and Western blotting (Figures 6 and 7A) . The fibrosis of the border zone was significantly increased in the ICM group (ICM versus Control, 72.5AE5.0 versus 5.1AE0.6, P<0.05). Additionally, the collagen synthesis/release was significantly reduced in the ICM+Nic group compared with the ICM group (ICM+Nic versus ICM; 52.4AE4.6 versus 72.5AE 5.0, P<0.05). Vagotomy decreased the CAP antifibrosis effect (ICM+N+V versus ICM+Nic; 61.3AE6.0 versus 52.4AE 4.6, P<0.05).
As shown in Figure 8 , the ICM group had a significant decrease of Cx43 compared with the Control group, and distribution of Cx43 in the ICM+Nic group tended to be denser than that in the ICM group. Additionally, surgical 
Effect of CAP on Proinflammatory Cytokine Production in Border Zone
To determine the inhibitory action of CAP on the proinflammatory cytokines in the border zone, IL-1b, IL-6, IFN-c, and TNF-a were analyzed by Western blotting. As shown in Figure 7B , the production of IL-1b, IL-6, IFN-c, and TNF-a was significantly increased in the ICM group and the ICM+Vag group. Nicotine administration reduced the production of proinflammatory cytokines in the ICM group (ICM+Nic versus ICM); additionally vagotomy attenuated this effect of nicotine on proinflammatory cytokine release (ICM+Nic versus ICM+N+V).
CAP Suppressed NF-jB Activation in ICM Rat Model
NF-jB is a transcriptional regulator that has marked effects on inflammatory response. As shown in Figure 7C , nicotine substantially inhibited the enhanced phosphorylation of Ser536 of NF-jB p65 that was stimulated in the ICM and ICM+Vag groups. The IjB protein, as an inactive NF-jB-IjB complex, inhibits NF-jB activity in the cytoplasm, and IKK is an important upstream kinase for the phosphorylation of IjB. As expected, nicotine administration blocked the phosphorylation of IKKa/b and IjBa. The PI3K/Akt pathway is involved in the regulation of NF-jB activation, and in our study, p-Akt was significantly increased in the ICM group, and nicotine dramatically blocked this effect. Furthermore, vagotomy attenuated the effect of nicotine inhibiting NF-jB activation (ICM+Nic versus ICM+N+V).
Nicotine Treatment Suppressed NF-jB Activation in Lipopolysaccharide-Stimulated RAW264.7 Cells NF-jB, a pivotal transcriptional regulator, evidently affects inflammatory response. As shown in Figure 9 , nicotine treatment significantly inhibited the nuclear translocation of LPS-induced NF-jB p65, and a-bungarotoxin attenuated the effect of nicotine on inhibiting NF-jB activation.
Effect of Nicotine on a7-NAChR
As shown in Figure 7C , 4 weeks after operation, a7-nAChR had a significantly increasing in ICM and ICM+Vag group. Nicotine administration blocked this effect regardless of vagotomy operation (ICM+Nic versus ICM; ICM+N+V versus ICM+Vag).
Discussion
In the present study, we investigated whether eliciting CAP could attenuate ICM-induced arrhythmogenic properties via modulation of the inflammation and fibrosis in infarcted border zone. Additionally, we found that eliciting CAP by 4-week nicotine administration improved the heart rate variability, increased the parasympathetic/sympathetic ratio, and consequently improved the cardiac autonomic function. Furthermore, our study suggested that the principal cardiac gap-junction protein Cx43 was increased by eliciting CAP. Although the precise mechanism by which CAP has its significant effect on cardiac autonomic function and Cx43 remains unknown, it is likely that CAP exerts its antiarrhythmogenic effects not only through its anti-inflammation and antifibrosis effects but by modulating cardiac autonomic function and Cx43 as well.
Limiting the inflammatory response after myocardial infarction ameliorates cardiac dysfunction. 26 It has already been reported that CAP interacting with a7-nAChR expressed by macrophages and other cytokine-producing cells 15, [27] [28] [29] has markedly influenced the anti-inflammatory response.
Utilizing the major vagal neurotransmitter ACh and nicotine as AChR agonists that interact with a7-nAChR on macrophages to reduce the release of TNF-a and other proinflammatory cytokines confirmed that this modulation is mediated through the vagus nerve. 15 Our present study demonstrated for the first time in an ICM rat model that eliciting the CAP by nicotine not only reduced the cytokines (IL-1b, IL-6, IFN-c, TNF-a, transforming growth factor-b) and collagens (collagen I, collagen III) of the infarction border zone but also improved the cardiac autonomic function, increased ejection fraction, and attenuated arrhythmogenic properties. Rats with ICM showed uncontrollable inflammation and fibrosis in the border zone and had dysfunctional autonomic function, lower ejection fraction, and higher arrhythmogenic properties compared with those subjected to a sham operation. These abnormalities were ameliorated by a 4-week nicotine treatment. In addition, 4 weeks of nicotine decreased the expression of a7-nAChR receptors in border zone and inhibited NF-KB activation. Intriguingly, all abnormalities became more severe or the effects of nicotine were attenuated with a vagotomy operation when the ICM group was compared with the ICM+Vag group or the ICM+Nic group with the ICM+N+V group. However, because vagotomy evokes a tachycardic effect, the question remains whether the transient heart rate acceleration by vagotomy has an effect on antiarrhythmic properties during ICM. In a preliminary study, we confirmed that vagotomy performed in normal rats does not have any effects on inflammation, fibrosis, cardiac function, or arrhythmogenic properties (comparing the results between the Control group and the Vag group). To explain the above findings, we hypothesize that regional myocardial infarction induces an accumulation of monocytes/ macrophages accompanied by an increase of cytokines that, in turn, can support angiogenesis and extracellular matrix synthesis by providing vascular endothelial growth factor, transforming growth factor-b, and profibrotic transforming growth factor-a after acute wound. 30 Takamura et al reported that regulating the activation of proinflammatory macrophages post-myocardial infarction improves cardiac remodeling. 31 Indeed, Ly-6C low macrophage has been shown to play a crucial role in the pathogenesis and progression of the healing myocardium. 30 In addition, macrophage-induced fibrosis and several cytokines could aggravate arrhythmogenic properties. 32, 33 We found that levels of fibrosis and inflammation were significantly elevated after myocardial infarction. In addition, there were significant inverse correlations between inflammatory cytokine release and the CAP elicitation. In our study of RAW264.7 cells, we suggested that the nuclear translocation of LPS-induced NF-jB p65 was significantly inhibited by nicotine treatment, which may indicate the modulation of nicotine treatment on macrophages in ICM rat. Consistent with the present result, a study has documented a link between a7-nAChR and Ly-6C macrophages. 34 The clinical syndrome of ICM is a challenging problem because few treatment options are available to prevent the development and progression of heart failure and infarctioninduced fatal ventricular arrhythmia. Increased sympathetic and/or decreased parasympathetic activity has been closely related to risks of cardiac outcomes such as heart failure and ventricular arrhythmias. 35 Subsequent research has identified neural remodeling after myocardial infarction that may cause a fatal ventricular arrhythmia. Cao et al suggested increased density of postinjury sympathetic nerves is responsible for the occurrence of ventricular arrhythmia. 8 Improving the cardiac autonomic function markedly attenuated ICM-induced arrhythmogenic properties. 22 To find evidence for the identification of a protective, melanocortin-activated efferent vagal cholinergic pathway, Mioni et al stimulated efferent vagal fibers electrically after bilateral cervical vagotomy, suggesting that an efferent vagal cholinergic pathway served a protective role against myocardial ischemia/reperfusion-induced ventricular arrhythmia. 10 Zuanetti et al reported that the protective effect of vagal stimulation against reperfusion ventricular fibrillation is mediated by the decreased heart rate; however, they also found no difference in occurrence of complex reperfusion arrhythmias between neutrally intact and postvagotomy animals. 11 Additionally, vagal nerve stimulation prevented pumping failure and cardiac remodeling in chronic heart failure rats with ligation of the left coronary artery and improved their long-term survival. 12 Our present study also showed that eliciting CAP during ICM modulates the cardiac parasympathetic/sympathetic ratio, and that, in turn, decreased the arrhythmia score of PESinduced ventricular arrhythmia. In addition, Cx43, which contributes to intercellular communication and electrical coupling, is the principal component of ventricular gap-junction proteins. Genetically engineered Cx43-deficient (Cx43 +/À or Cx43 À/À ) mice have been reported to be markedly susceptible to ischemia-induced ventricular tachycardia. [36] [37] [38] Ando et al 39 reported that increased vagal tone could prevent the loss of Cx43 during acute MI and thus exert antiarrhythmogenic effects. In the present study, we found that eliciting CAP decreased the arrhythmia score of PES-induced ventricular arrhythmia partly by preventing the loss of Cx43 during ICM. Additionally, nicotine administration improved cardiac autonomic function and enhanced vagal tone. The decreased releasing of IL-1b also inhibited the loss of Cx43. The functional preservation of Cx43 by eliciting CAP would play an irreplaceable role in antiarrhythmogenic properties during ICM. Interestingly, Shirai et al 40 reported that bilateral vagotomy attenuated the cardiac sympathetic nerve activity response to acute MI that, in turn, reduced the incidence of arrhythmic episodes. In contrast, our study suggested that unilateral vagotomy not only aggravated the abnormality of ICM rats and increased the inducibility quotient of ventricular arrhythmias but also attenuated the effects of eliciting CAP. It was also reported that vagotomy attenuated the anti-inflammatory effect of CAP and thereby enhanced cytokine release in response to LPS treatment. 41, 42 Thus, vagotomy, performed in an ICM rat, increased the release of cytokines and collagens and altered the sympathetic/parasympathetic ratio, which served as a harmful role of ventricular arrhythmia. The anti-inflammatory activity of CAP involves the Jak2/ STAT3 signaling pathway. 43 Another critical component of the nicotine anti-inflammatory pathway appears to be mediated by the inhibition of NF-KB. 44 Our data suggest that inhibition of NF-KB activation is associated with a better outcome after eliciting CAP. However, these effects are attenuated by a vagotomy operation. In addition, as our data showed, a vagotomy operation aggravates the abnormalities of ICM. In summary, we demonstrated that eliciting CAP could exert protective effects against ICM-induced ventricular arrhythmia. The underlying mechanism might include (1) a direct effect of CAP on regional anti-inflammation and antifibrosis; (2) the effect of CAP to improve cardiac autonomic function; and (3) the effect of CAP to prevent the loss of Cx43 during ICM. There, CAP could be an alternative therapeutic strategy for ICM-induced ventricular arrhythmia.
